Background: Although much is known about the reactivity of polyclonal populations of
INTRODUCTION
Grass pollen allergy has been estimated to affect up to 20% of the population in the industrialized countries, 1, 2 consequently affecting the quality of life of millions of people.
The disease mechanism is associated with increased serum-levels of specific IgE that are mainly directed towards a limited number of proteins that are released from the pollen grain upon hydration. Binding of these allergens to basophil-and mast cell-bound IgE leads to Fcreceptor cross-linking, degranulation and the release of inflammatory mediators which in turn causes the symptoms associated with grass pollen allergy, ranging from rhinitis and conjunctivitis to asthma. As the antibody-allergen interaction is a key event in the allergic reaction, a deeper understanding of it is a prerequisite for understanding the mechanisms behind allergy and such knowledge will also aid in the development of new allergy treatments.
Although much is known about the make-up of genes encoding antibodies in general and also to some extent of genes encoding IgE, much less is known about sequences of antibodies targeting specific allergens. In a previous investigation, 3 we set out to study the IgE repertoire as it occurs in grass-pollen allergic patients. Sequencing the heavy chain of random transcripts of this repertoire, we found these antibody populations to highly resemble immunoglobulin populations of other isotypes with respect to genetic diversity and mutational patterns, a finding supported [4] [5] [6] as well as contradicted [7] [8] [9] [10] by other studies. However, in contrast to IgG populations, 11 a high number of clonally related sequences were identified among the analyzed clones, suggesting that despite its rather diverse genetic make-up the peripheral IgE population is populated by a limited set of related clones, or so called clonotypes. This latter finding confirms the results of previous studies. 4, 12, 13 Taken together, this lead us to hypothesize that the relatively small IgE population of allergic individuals is limited in its recognition of just a few allergens at a given time. In order to define the Accepted for publication in the Journal of Allergy and Clinical Immunology (2007) DOI: 10 .1016/j.jaci. 2007 .06. 041 6 specificities of the identified clonotypes, a combinatorial phage display library was constructed from the IgE repertoire of the patients mentioned above and selections were initially performed on the major grass pollen allergen Phl p 5. 3 Highly specific antibody fragments, binding to several different epitopes on Phl p 5, were identified. Interestingly, one of the selected binders was highly similar to a set of sequences found among the randomly picked IgE-encoding transcripts. Numerous studies have explored the reactivity of polyclonal IgE populations to many different allergens, including those of grass pollen, but when it comes to the reactivity pattern of individual IgE-molecules data is limited. [14] [15] [16] [17] [18] In contrast to our investigation, 3 however, none of the previous studies have described the antibodies within the larger context of the whole IgE repertoire. Our combined approach of both studying the overall IgE repertoire and the IgE repertoire targeting specific allergens therefore put us in a unique position, allowing us to investigate the specificity profile of this population at a much higher resolution and further providing us with new insights on how allergen-specific responses arise.
In this study, we have continued on the path of determining the specificity profile of the 
METHODS

IgE-scFv library
The local ethical committee gave approval for the procedures in this study. The construction of the combinatorial single chain antibody fragment (scFv) library used has previously been described. 3 Briefly, peripheral blood lymphocytes had been isolated from a grass pollen allergic donor, A3, during season of antigen exposure (June) as part of a study investigating immunological principles in allergy. 19 Except for showing reactivity in clinical skin-prick testing to timothy extract, the patient also had clear symptoms of rhinitis and had high levels of timothy extract specific IgE (55 kUA/l) at the time of sampling. Additionally, skin prick testing on A3 revealed sensitivity to cat and birch. 19 The heavy (V H ) and light chain (V L ) encoding genes were obtained by a semi-nested PCR approach, the V H genes having an origin in the IgE repertoire, while the V L genes were derived from B cells producing different antibody isotypes. The V H and V L encoding genes were assembled using overlap-extension PCR and subsequently incorporated into a modified form of the pFab5c.His phagemide. 20 The added before the phage library, described above, was applied. After washing, unbound phages were eluted by the addition of trypsin, which cleaves at a site located between the displayed scFv and protein III. After two and/or three rounds of selections, phage stocks were produced from individual randomly picked clones and analyzed for binding specificity. The clones were named with a prefix indicating the antigen selected on (p1 for Phl p 1, p2 for Phl p 2, etc.)
followed by a clone number.
ELISA analysis
The phage-displayed scFv were analyzed for binding specificity by phage ELISA. The IgE (KPL Inc., Gaithersburg, Maryland, USA). Coating, blocking and detection were performed as described above.
Genetic analysis
The allergen-specific clones were subjected to DNA sequencing (MWG Biotech, Ebersberg, Germany). The genetic origin of their V H , excluding the bases that were part of the primer definition when constructing the library,
RESULTS
IgE-reactivity profile to different timothy allergens
The combinatorial IgE library used in this study had been derived from a donor, A3, which previously had been tested positive in skin prick testing to timothy extract. 19 In addition, serum from this donor was tested in an ELISA for the presence of IgE antibodies specific to the individual timothy allergens ( 
Selection of scFv specific for different timothy allergens
The IgE library was subjected to phage selections on 7 different timothy allergens (Phl p 1, Phl p 2, Phl p 4, Phl p 5, Phl p 6, Phl p 7 and Phl p 11). In most cases, high output/input ratios could initially be observed, underscoring the high frequency of specific binders in the library. Following two or three rounds of selections, randomly picked clones were analyzed for specificity using phage-ELISA ( Figure 2 ). Consistent with the IgE serum data we were able to isolate binders to all of the antigens except for Phl p 7, demonstrating that the selected binders most likely had a counterpart in vivo. The isolated binders were highly specific to their respective target allergen, except those selected on Phl p 6, which also bound Phl p 5, an allergen with extensive sequence homology to Phl p 6.
24, 25
Most of the isolated scFv also bound the natural form of the antigen as shown by the observed reactivity, although of various strengths, with pollen extracts of timothy and/or rye grass ( Figure 2 ). In most cases these species produce similar allergens, which explain why both extracts can be recognized. An exception is Phl p 6, which have been identified in (Table I, clonotype 1-33), suggesting that many of the clones had an origin in the same precursor clone.
The allergen-specific clones isolated in this study could similarly be organized into clonotypes based on heavy chain sequence homology (sharing the same IGHV gene and having highly similar CDRH3 sequences). Altogether, 12 different clonotypes, with an origin in all major IGHV subgroups (1, 3, 4 and 5), were identified (Table I) . Except in the case of Phl p 2, at least two clonotypes for each allergen target were found, utilizing diverse sets of genes, demonstrating that the IgE response against these allergens are not clonally restricted.
When comparing sequences of the allergen-specific scFv with the randomly picked IgEencoding transcripts, obtained from the donor (A3) who contributed the sequences of the library, it was shown that 5 of the 12 clonotypes were found in both sets of sequences (Table   I, given point in time.
The light chain of selected allergen-specific antibodies
The combination of combinatorial library and display technologies like phage display is commonly exploited to investigate specific antibody repertoires. The combinatorial principles of library construction, i.e. the random assortment of light chains with heavy chains in proteins encoded for by the library, however, adds diversity to the population that does not have a counterpart in the repertoire as found in vivo. In addition, the library used in this study utilized light chains from antibodies of all isotypes, not just restricted to the IgE population, thereby increasing the diversity even further. Having this in mind, one would assume the selected scFv to be highly diverse in the choice of light chains. However, this was generally not the case. All but one of the allergen-specific V H clonotypes that were selected in multiple copies, were highly restricted in the choice of light chain partner, i.e. the selected binders used very similar light chain sequences (Table II) . Altogether, these results strongly suggest that an allergen-specific binder derived from the V H of these clones in general could only be formed upon combination with a very restricted set of V L .
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DISCUSSION
In a previous study, 3 we defined the IgE repertoire as it occurs in a grass pollen sensitized individual. Among a limited set of randomly sequenced IgE V H transcripts highly related sequences were identified. These and similar results obtained in other studies 4, 12, 13 indicate that the peripherally located IgE-producing B-cell population is populated by a relatively restricted set of clones. The 63 clones that were analyzed could based on sequence homology, i.e. sharing the same IGHV and having highly similar CDRH3 loops, be clustered into 33 different groups or clonotypes (Table I) . Interestingly, among the Phl p 5-specific scFv that were isolated from the combinatorial phage library constructed from the IgE repertoire of the same donor, a scFv belonging to one of these 33 clonotypes was retrieved ( 3 This is consistent with the fact that the heavy chain, especially CDRH3, play a key role in antigen recognition. 28 The differences observed between members of the same V H clonotype likely describe different evolutionary pathways obtained as a result of the affinity maturation process to the antigen in question.
Encouraged by these results, we have now embarked on a journey with the aim of trying to obtain a more complete picture of the specificity of the IgE repertoire. In the current study we have, using the same library, identified antibody fragments with specificity to additional five timothy allergens (Phl p1, Phl p 2, Phl p 4, Phl p 6, Phl p 11). As in the case of the Phl p 5-specific antibody fragments, many of the newly selected binders belonged to clonotypes previously identified among the IgE V H transcripts. 3 Although the specificities have not been proven for the randomly picked V H transcripts, it may be assumed, based on the above reasoning, that they represent the same specificity as their phage-selected homologues. (Table II) . Furthermore, all of the selected light chains had undergone a rearrangement creating highly similar CDRL3 of the same length, hence indicating that combinations very similar to the original pairing were formed in these clones.
Although phage display has been reported to bias the selection of promiscuous heavy chains 33 and certain allergen-specific IgE V H have been characterized as promiscuous, 16, 18, 34 only one of the identified clonotypes in the current study was isolated with a number of unrelated light chains (Table II, clonotype 35 ). This clonotype was found to dominate the Phl p 5 response and it was also most commonly found among clones selected on Phl p 6.
Interestingly though, whereas the Phl p 5-specific paratope could be established from this particular V H sequence using a range of light chains with an origin in both λ and κ, only one particular V L created a Phl p 6-reactive binding site (Table II) . Despite very similar ( Figure   3 ), and sometimes even identical V H , these clones had quite different binding behaviors. The
Phl p 5-selected clones did not cross-react with Phl p 6, whereas, as noted above, the opposite was true; all the isolated Phl p 6-specific clones also recognized Phl p 5. These findings demonstrate that the ability of this particular V H to form a specific binding site for the smaller allergen was much more limited and depended much more on the light chain than was its
16 ability to create a Phl p 5-specific binder. However, our investigations neither define which type of light chain that was found in combination with this particular V H in the B-cell, nor define precisely which of these two allergens (or their homologues in other grass species) that initially activated its naïve B-cell precursor.
In conclusion, this investigation together with our previous study 3 has allowed us to connect the overall makeup of the IgE-encoding repertoire with the parts of the repertoire targeting a specific allergen. The results demonstrate that not only is the number of IgEproducing peripheral B-cells during active disease limited, the number of antigens recognized by the IgE repertoire is also highly restricted. These studies have allowed us to pinpoint, at a molecular level, the nature of antibodies with a role in allergy. This type of molecular characterization is a prerequisite for understanding the interplay between the allergen and the antibody response. The strategy further gives the opportunity to understand antibody repertoire development and restrictions as they occur in an individual. We foresee that this approach to characterize specific antibody repertoires will have an impact on allergen vaccine construction and standardization of allergen-specific IgE assays. Furthermore, the isolated antibodies may themselves, following transfer into an appropriate format (e.g. IgG1 or IgG4) be used for passive immunization. 
